Abstract. The aim of the present study was to evaluate the effect of sperm reactive oxygen species (ROS) production and DNA changes on male fertility. For that purpose, six rams with significantly different pregnancy rates were used; these were classified as having high fertility, i.e. 59.4% average pregnancy rate, or low fertility, i.e. 23.1% average pregnancy rate. Sperm quality was assessed after a two-step process of sample thawing followed by an incubation of 2 h, either in the 5 freezing extender (378C) or after dilution in synthetic oviductal fluid (SOF; 388C, 5%CO 2 ). Sperm viability (YO-PRO-1), ROS production (5-(and-6)-chloromethyl-2 0 ,7 0 -dichlorodihydrofluorescein acetyl ester (CM-H 2 DCFDA)) and undamaged chromatin (sperm chromatin structure assay, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling, chromomycin A3) were evaluated by flow cytometry. Although no significant differences in sperm viability were observed, our results showed increased ROS production during incubation in the freezing extender as well as in SOF 10 medium. Comparison between fertility groups showed significant differences in ROS production after 2 h of incubation for the two treatments. Regarding DNA integrity, our results showed no significant differences either between treatments and incubation times or fertility groups. Linear regression analysis showed that ROS production determined by CM-H 2 DCFDA was a good indicator parameter for in vivo male fertility of SOF-incubated samples, yielding a fair correlation between both parameters (r ¼ À0.92). These results indicate that detection of ROS production by CM-H 2 DCFDA and flow 15 cytometry after 2 h of incubation in SOF could be a useful procedure for predicting fertility of ram spermatozoa.
Introduction
Oxidant species have a crucial role on sperm physiology, but they may also impair the fertilising ability of spermatozoa. Oxidative stress may be defined as the outcome of the imbalance between 5 reactive oxygen species (ROS) production and the ability of antioxidants to scavenge them. This oxidative stress is then considered of high concern as high levels of ROS have negative effects on sperm functionality (Gil-Guzman et al. 2001) . Furthermore, ROS production is considered as one of the 10 mediators of damage caused by cryopreservation (Alvarez and Storey 1992; O'Flaherty et al. 1997; Chatterjee and Gagnon 2001; Fernández-Santos et al. 2007) as it may lead to DNA damage (Lopes et al. 1998) , cytoskeletal alterations (Hinshaw et al. 1986 ), inhibition of spermatozoon-oocyte fusion (Aitken 15 et al. 1989) and effects on the sperm axoneme followed by loss of motility (de Lamirande and Gagnon 1992) . Thus, it could be feasible that oxidative stress may be related to cell death and loss of cell function during or following a freeze-thaw cycle (O'Flaherty et al. 1997; Bailey et al. 2000) . Therefore, the study of oxidative stress of thawed sperm samples and its relationship to fertility is of great interest, as 5 these samples could be used for artificial insemination. Many studies have aimed to elucidate the relationship between spermquality parameters and in vivo fertility, with different outcomes (Schneider et al. 1999; Rodríguez-Martínez 2003; Papadopoulos et al. 2005; Petrunkina et al. 2007 ).
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transferase-mediated dUTP nick-end labelling (TUNEL) assay have been proposed for the evaluation of sperm DNA fragmentation. By using SCSA, a high DNA fragmentation index (DFI) has been related to reduced fertility, longer 5 times to pregnancy and higher spontaneous miscarriage rates in humans (Virro et al. 2004; Evenson and Wixon 2006) . It has also shown a correlation with fertility and prolificacy in domestic animals (bull, Waterhouse et al. (2006) ; García-Macías et al. (2007) ; boar, Boe-Hansen et al. (2008) ). Similarly, 10 the TUNEL assay is considered to be a promising technique in accordance with SCSA and fertility results (Waterhouse et al. 2006; Benchaib et al. 2007) . The results of the chromomycin A3 (CMA3) test, a fluorochrome that detects protamine deficiency in loosely packed chromatin, are correlated with the 15 extent of nicked DNA (Gillan et al. 2005) . Therefore, the aim of this work was to evaluate the effect of ROS production on post-thaw sperm characteristics, in order to gain knowledge about the underlying mechanisms of differences in ram fertility. To this end, ROS production and DNA fragmentation levels 20 of cryopreserved sperm samples were assessed, and an in vivo fertilisation test was conducted. Both the study of oxidative stress and DNA analysis could be useful tools for quality assessment of thawed semen doses from domestic animals, before artificial insemination, and potential fertility determina-25 tion of given semen samples.
Materials and methods

Experimental design
Two straws per male were thawed. Sperm samples were previously analysed to ensure that the two straws had similar char-30 acteristics and there were no differences between them.
Standardised insemination doses were used. Thawed sperm samples were incubated for 2 h (378C) without dilution (in the freezing diluent) or after dilution 1 : 25 in synthetic oviductal fluid (SOF) medium, at 5% CO 2 (388C). SOF medium is an 35 in vitro fertilisation medium that tries to mimic the female reproductive tract, commonly used as a test of endurance. Samples were analysed just after thawing and after dilution in SOF. After 2 h of incubation, sperm samples were also analysed.
Reagents and media
40 Flow cytometry equipment, software and consumables were purchased from Beckman Coulter (Fullerton, CA, USA). The rest of the chemicals (reagent grade or higher) and the fluorescence probe propidium iodide (PI) were acquired from Sigma (Madrid, Spain). Other fluorescent probes were purchased from 45 Invitrogen (Barcelona, Spain) unless otherwise stated. Stock solutions of the fluorescent probes were: PI, 1.5 mM in Milli-Q water; YO-PRO-1, 50 mM in DMSO (dimethyl sulfoxide); CM-H 2 DFCDA, 0.5 mM in DMSO; CMA3, 0.25 mg mL À1 in DMSO. All fluorescent stocks were kept at À208C in the dark 50 until needed. The freezing extender was prepared in our laboratory as described by Fiser et al. (1987) belonged to the Regional Center for Animal Selection and Reproduction in Valdepeñas (CERSYRA). A total of six males of Manchega sheep breed (age .3 years) were used. Semen collection was performed using an artificial vagina. Volume, concentration, wave motion (0 no movement to 5 strong wave 15 movement) and sperm motility were assessed shortly after collection. Only ejaculates with wave-motion values of 4 or 5 and sperm motility higher than 80% were frozen.
Cryopreservation of semen
After initial semen evaluation, each ejaculate was diluted with 20 the freezing extender. Initially, before freezing, the ejaculates were diluted to a final concentration of 200 Â 10 6 spermatozoa mL
À1
. First, sperm samples were diluted in fraction 1 of the diluent to a concentration of 400 Â 10 6 spermatozoa mL À1 and slowly cooled from 30 to 58C in 2 h. Then, sperm samples were 25 further diluted (2 : 1) with fraction 2 (58C) and held for equilibration at 58C for 2 h (total refrigeration time at 58C was 4 h). At the end of the cooling and equilibration period, the extended semen was loaded into 0.25-mL plastic straws and frozen. The straws were frozen in a programmable biofreezer (IceCube 30 14S-Ver. 1.30; SY-Laboratory Geräte GmbH, MinitübÒ, Tiefenbach, Germany) at À208C min À1 to À1008C, and at À108C min À1 from À1008C to À1408C and then plunged into liquid nitrogen. Two straws per male were thawed for 30 s at 378C in a warm bath and aliquots were used to assess sperm 35 quality and concentration.
Artificial insemination trials
Thawed sperm samples from the six males were used to inseminate 351 ewes in eight farms. Sperm samples from each male were used to inseminate between 27 and 147 females. The 40 number of inseminated ewes per male was 49, 29, 27, 147, 42 and 57 for Males 1, 2, 3, 4, 5 and 6, respectively. The insemination dose was 100 Â 10 6 spermatozoa and contained more than 55% motile spermatozoa. Only one ejaculate per male was used in this study. Sperm samples sourced from selected rams of 45 a reproductive selection centre. All samples had a minimum quality that includes low morphological abnormalities.
The ewes were synchronised using progestagen pessaries (30 mg fluorogestone acetate, (FGA); Chronogest, Intervet, Booxmer, The Netherlands) for 13 days followed by 500 IU equine chorionic gonadotrophin (eCG) at pessary removal. Ewes were inseminated intrauterine by laparoscopy at 55-58 h after pessary removal. Two technicians carried out all intrauterine inseminations on different dates.
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We considered that a male scored a successful fertilisation when the female lambed. The fertility rate for each male was calculated as follows: number of lambed ewes/number of ewes inseminated Â 100. This rate was called male fertility.
5
The males were classified according to fertility in two groups: high fertility, those with fertility above mean (male fertility 55%) and, low fertility, those with fertility below mean (male fertility ,55%).
Flow cytometric analysis
10 After appropriate treatment with fluorescent probes (see below), sperm suspensions preincubated with or without SOF were analysed on a Cytomics FC500 flow cytometer (Beckman Coulter) controlled by WEASEL software Ver. 3 (WEHI, Melbourne, Vic., Australia). Cells were passed through the 15 instrument at 150-300 cells s À1 , and data were collected for 10 000 cells. The cells were excited at 488 nm using an argon laser. Fluorescein isothiocyanate (FITC), CM-H 2 DCFDA, CMA3 and acridine orange (AO) green fluorescence was detected with a 530/28 band-pass filter (FL-1) while propidium 20 iodide and AO red fluorescence was detected with a 620/40 band-pass filter (FL-3), both on logarithmic scales. The control settings were adjusted for measuring the fluorescence in FL-1 and FL-3 channels essentially as described in the Supplementary Material available in the online version of this paper.
25 Sperm viability Sperm viability was checked by means of propidium iodide staining (PI, 15 mM; stock, 50 mM in DMSO) and YO-PRO-1 (50 nM; stock, 7.5 mM in milli-Q water) in combination with flow cytometry as described by Martínez-Pastor et al. (2008) . 30 The staining solution was prepared using SOF-HEPES (4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid, N-(2-Hydroxyethyl)piperazine-N 0 -(2-ethanesulfonic acid)) (,1-2 Â 10 6 spermatozoa mL À1 ). After 15 min of incubation in the dark, sperm samples were analysed by flow cytometry. Propidium 35 iodide binds to DNA in membrane-defective spermatozoa and allows the identification of viability. YO-PRO-1 is a probe capable of staining early apoptotic cells (with intact plasmalemma, not stained by PI, but showing increased permeability; Martínez-Pastor et al. 2009 ). The control settings were adjusted 40 for measuring the fluorescence in FL-1 and FL-3 channels essentially as described in the Supplementary Material. The percentage of YO-PRO-1-positive non-DNA particles ranged from 15.7% (freezing extender) to 17.9% (SOF).
Production of reactive oxygen species 45 Reactive oxygen species production was recorded using the fluorescent probe 5-(and-6)-chloromethyl-2 0 ,7 0 -dichlorodihydrofluorescein acetyl ester (CM-H 2 DCFDA) as described by Domínguez-Rebolledo et al. (2010) . CM-H 2 DCFDA penetrates the plasma membrane and is retained after intracellular esterases 50 cleave the acetate groups and emits green fluorescent (504 nm) upon oxidisation. The intensity of fluorescence of CM-H 2 DCFDA increases as ROS production increases. Sperm suspensions (1 Â 10 8 cells mL À1 ) were loaded at 378C, 20 min with CM-H 2 DCFDA in SOF-HEPES (final concentration 0.5 mM; 55 stock solution, 500 mM). Main population at 0 h was set under the first decade of the logarithmic scale of the 530/28 BP photodetector as reference value in a histogram. With these settings, samples were analysed at 0 h and 2 h of incubation and the mean value was noted (Fig. 1) .
5
Sperm chromatin structure assay (SCSA) Chromatin stability was assessed following the sperm chromatin structure assay (SCSA), based on the susceptibility of sperm DNA to acid-induced denaturation in situ and on the subsequent staining with the metachromatic fluorescent dye acridine orange Free-radical production assessed by CM-H 2 DCFDA histogram for incubated sperm samples in SOF. Continuous line indicates free-radical production at 0 h. Semi-continuous line indicates free-radical production at 2 h of incubation at 378C. Displacement of the mean was analysed to assess the increase in radical production.
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green to red fluorescence. High values of DFI indicate chromatin abnormalities. Flow cytometry data was processed to obtain %DFI (percentage of spermatozoa with DFI .25) and high DNA stainability (HDS; percentage of spermatozoa with green 5 fluorescence higher than channel 600 of 1024 channels).
TUNEL assay DNA damage was assessed by the terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end-labelling (TUNEL) assay, following the manufacturer's instructions (ApoTarget 5 APO-BRDU Kit; Life Technologies). Briefly, spermatozoa diluted in phosphate-buffered saline (PBS; 10 6 cells mL À1 ) were fixed for 1 h in 2% paraformaldehyde. The cells were washed twice with PBS and resuspended in 70% ethanol at 08C. The samples were left at À208C overnight. Then, the cells were washed twice using the wash buffer provided with the kit, adding the DNA labelling mixture after removing the wash buffer. After 60 min at 378C (with agitation), the cells were washed twice using the rinse buffer. Finally, the cells were resuspended in the antibody solution (FITC-anti-BrdUTP mAb) 15 and incubated for 30 min at room temperature in the dark. Samples were resuspended in a PI-RNase A solution and analysed by flow cytometry within 2 h. Positive and negative controls (incubation of fixed cells with DNase A and substituting water for the DNA labelling mixture, respectively) were used to 20 standardise the assay. DNA damage was measured using FL1 for the detection of the emission of FITC in the green spectrum and the FL3 photodetector for the emission of PI in the red spectrum. Non-red events (PI-) were discarded as debris. Setting non-DNA-labelled spermatozoa as control their basal green 25 fluorescence was established as a threshold; all events above that limit were considered TUNELþ (Fig. 2) .
Chromomycin A3 (CMA3) determination
The CMA3 penetrability test was used to assess the extent of sperm nuclear protamination and as an indicator of chromatin 
condensation. CMA3 labelling and analysis by flow cytometry were performed as described previously by Zubkova et al. (2005) . CMA3 has affinity for DNA but is unable to access it when histones have been replaced by protamines or when the 5 disulfide bridges are intact. Sperm samples were stained for 20 min in McIlvaine's buffer with CMA3 antibiotic at a concentration 0.25 mg mL À1 . CMA3 emits green fluorescence when bound to DNA. The mean of the green fluorescence was taken for each sample, once adjusted with a control (green 10 emission at 0 h incubation was adjusted at first decade of the logarithmic scale). Variations between 0 h and 2 h were compared (Fig. 3) .
Statistical analysis
Three statistical analyses were performed in this study. First, 15 a multiple regression analysis was carried out to determine which variables significantly affected in vivo fertility. Four explicative variables were considered: date of insemination, farm and male as the factors of interest, with the number of ewes inseminated included as a weighing factor. Second, the effect of 20 incubation times and extenders was compared with ANOVA, carrying out a pairwise comparison (Bonferroni's correction) when any of the effects was significant.
Finally, the two fertility groups were compared for all the sperm parameters assessed on thawed samples using a t-test. This allowed us to examine if sperm characteristics differed between the two groups, and therefore could be responsible for 5 the fertility differences. The relationship between ROS production and in vivo fertility was examined by using linear regression analysis.
All statistical analyses were performed using SPSS for Windows version 20.0 (IBM SPSS Statistics Inc., Chicago, 10 IL, USA). Differences were considered to be statistically significant at P , 0.05.
Results
Male fertility rates ranged from 22% to 64% with a mean value of 40.5%. Differences in fertility rates among males were sig-nificant (P ¼ 0.006). Of all effects we considered to affect the fertility success, only male showed a significant effect. Thus, the insemination date, the farm in which insemination took place and the number of inseminated ewes per male did not affect male fertility in a significant way (Table 1) .
20
Sperm viability results of each male and for the two treatments are shown in Fig. 4 . There were no significant differences in viability between the two treatments (freezing extender vs SOF) either after thawing (P ¼ 0.30) or after 2 h of incubation (P ¼ 0.06).
25
Values for the sperm ROS production after thawing and after 2 h of incubation in the two different media are shown in Fig. 5 . ROS production increased significantly after incubation both in the freezing extender (P ¼ 0.02) and in the SOF medium (P ¼ 0.01).
30
As can be observed in Table 2 , there were no significant differences in viability between high-fertility males and lowfertility ones, at any time of evaluation, either in the freezing extender or in SOF. After 2 h of incubation, males classified as 
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of high fertility had significantly lower ROS production than those of low fertility, both in the freezing extender (FE; 40.36 AE 6.9 vs 62.53 AE 6.9; P ¼ 0.03) and SOF (38.63 AE 6.9 vs 73.13 AE 6.9; P ¼ 0.02). Once differences in ROS production 5 between fertility groups were identified, we decided to investigate whether DNA sperm parameters were also modified between both groups. Nevertheless, there were no significant differences for DNA fragmentation either after thawing or after incubation, as detected by both the SCSA and TUNEL techni-10 ques. Furthermore, we did not find any significant difference for packaging quality as assessed by CMA3 (Table 2) . Finally, we examined the relationship between ROS production levels and in vivo male fertility. Although initially we did not find a relationship between ROS production and in vivo male 15 fertility, after 2 h of incubation in SOF, ROS production levels showed a negative correlation (r ¼ À0.92; P , 0.01) with male fertility (Fig. 6 ). However, this correlation was not found after 2 h of incubation in the freezing extender.
Discussion
In the present study, despite finding no significant differences in sperm viability, our results showed increasing ROS production during incubation both for freezing extender and SOF medium.
5
Comparison between fertility groups showed significant differences in ROS production after 2 h of incubation for the two treatments. After 2 h of incubation in SOF, ROS production levels were negatively correlated with in vivo male fertility. Oxidative stress has an important role in sperm physiology.
In this context, oxidative stress is increasingly recognised as a major cause in the aetiology of human male infertility (Aitken and Krausz 2001; Tremellen 2008) . Moreover, cryopreservation not only reduces sperm quality, but also induces oxidative stress and decreases the antioxidants in semen (Aisen et al. 2005; Peris 15 et al. 2007 ). The mechanisms of oxidative stress that limit the functional competence of mammalian spermatozoa involve the peroxidation of lipids, the induction of oxidative DNA 
damage and the formation of protein adducts (Aitken et al. 2012) . It is clear that ROS are important contributors to the regulation of sperm function from a positive and a negative point of view. The beneficial and detrimental effects of ROS 5 probably represent a continuum (Aitken 2011) . Thus, following insemination, these cells generate low levels of ROS in order to promote capacitation and the functional evolution of sperm behaviours needed for fertilisation, including hyperactivation and the presentation of zona-recognition molecules on their 10 surface (Aitken et al. 1989; de Lamirande and Gagnon 1993) . If fertilisation does not occur, as is usually the case for an individual spermatozoon, then the continued ROS generation overwhelms the meagre intrinsic antioxidant defences of these cells and activates the intrinsic apoptotic cascade. In light of the 15 foregoing, an excessive production of ROS could be related to early development of capacitation and hyperactivation processes, preventing spermatozoa from developing properly. Thus, as our results show, incubation in IVF media may also result in an overproduction of ROS, which impairs sperm function and 20 fertility. The increase of ROS could not result in negative effects by itself, but could indicate a subjacent cause (mitochondrial failure, pathway deregulation.etc), which produces both increased ROS and lower fertility. Thus, the increased ROS would not be the cause of the lower fertility, but a signal that 25 something is not being regulated correctly in the spermatozoa.
Indeed, it seems that the information provided by the CM-H 2 DCFDA test combined with SOF incubation is useful for improving sperm-quality assessment, and both methods could be considered as a standard tool for sperm-quality deter-30 mination. In fact, other results indicate that spermatozoa with higher levels of ROS, measured by CM-H 2 DCFDA, produced embryos that could not progress beyond the first division (Silva et al. 2007) .
The assessment of the fertility potential of a semen sample 35 has been the paramount objective of semen analysis. Thus, our objective is to develop laboratory techniques that allow us, in a quick and effective manner, to evaluate the potential fertility of a given sperm sample. However, the predictive power of these tests is generally low and very variable among different authors (Rodríguez-Martínez 2007) . The objective assessment of sperm function could increase the chances of predicting the fertilising 5 capacity of a frozen-thawed semen sample or diagnosing infertility problems. Taking into account the importance of ROS production in thawed sperm samples, we have addressed this issue evaluating its effect on fertility. It is remarkable that García-Á lvarez et al. (2009) showed that heterologous in vitro fertilisation was a good procedure to predict the fertility of ram semen. According to our results, differences in ROS production could be responsible for different in vitro fertilisation results. However, methods based on IVF are costly and time-consuming. There are many in vitro techniques that have attempted to 15 correlate with in vivo fertility (Schneider et al. 1999; O'Meara et al. 2008; García-Á lvarez et al. 2009) . In this context, significant positive correlation between different velocity parameters and fertilisation percentage has been reported (Amann et al. 2000; Kathiravan et al. 2008; Fernández-Santos et al. 2011 ).
20
Recently, Del Olmo et al. (2013) Avendaño and Oehninger 2011) . In general, significant DNA damage is rarely found in a proven fertile male, and the incidence of DNA damage is higher in infertile males. Although most researchers would intuitively agree that DNA damage is probably detrimental, the clinical impact of DNA damage has been more challenging to prove, perhaps because the correct functional end points have not been identified. Some studies suggest that sperm DNA damage levels can predict success using assisted reproductive techniques (ART) (Bungum et al. 2007 ) and they may also predict the likelihood of recurrent 50 pregnancy loss (Carrell et al. 2003) . Zini et al. (2005) suggested that sperm DNA damage may provide a useful correction biomarker for detrimental fertility impairing conditions. Since our results showed that free-radical production after post-thawing incubation of ram spermatozoa is related to decreased in vivo 55 fertility, it is possible that DNA damage could be related to oxidation processes. In this regard, Thomson et al. (2011) have shown that 8-hydroxy-2-deoxyguanosine, a biomarker of oxidative DNA damage, is a marker with high predictive values of . Relationship between pregnancy rate and ROS production assessed by CM-H 2 DCFDA after 2 h of incubation in SOF medium (5% CO 2 , 388C).
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human semen fertility after artificial insemination. Although some authors have found a negative relationship of DNA damage with fertility (Evenson et al. 2002) we could not find this relationship in our study either analysing DNA with SCSA 5 or with TUNEL assay and CMA3. We had no fragmentation, and thus we could say that our fertility results have not been affected by the chromatin status of samples. This effect is more commonly observed for human spermatozoa than for ruminants, maybe due to the high degree of DNA packaging of ruminants 10 (Januskauskas et al. 2001) . Thus, our results showed that the possible mechanism responsible for fertility differences is not due to DNA damage.
Having discovered a significant connection between ROS production and field fertility, we suggest that the addition of 15 antioxidant to the freezing extender could have positive effects on the freezability of ram spermatozoa and therefore on the results of fertility after artificial insemination with thawed ram sperm samples. In this regard, many researchers have demonstrated the benefits of adding antioxidants to the freezing 20 extender (Breininger et al. 2005; Roca et al. 2005; Fernández-Santos et al. 2007) or after thawing Bucak et al. 2010; Domínguez-Rebolledo et al. 2010 ). However, it should be determined which antioxidants are suitable for the preservation of ram sperm samples, 25 because depending on the origin of samples and conservation, antioxidants may be beneficial or not (Foote et al. 2002; Fernández-Santos et al. 2007; Fernández-Santos et al. 2009; Domínguez-Rebolledo et al. 2010) . In any case, benefits of antioxidant addition on in vivo fertility in sheep have thus far not 30 been shown.
In conclusion, we have found that the information provided by the CM-H 2 DCFDA test combined with the SOF incubation is useful and could be considered a standard method for improving sperm-quality assessment; however, the limited number of 35 males used in this study suggests a cautious interpretation. This combination seems to be a good procedure to identify the signal that something is not being regulated correctly in the spermatozoa and that directly affects fertility. Nevertheless, the experimental approach in the present study evaluating the semen 40 samples after a 2-h incubation at 38.08C (5% CO 2 ) in the SOF medium merits further research, and it could be the basis of protocols for predicting the in vivo fertility of frozen-thawed ram sperm samples. Chatterjee, S., and Gagnon, C. (2001 
